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Abstract: This study investigated the effects of feeding system on diurnal enteric methane (CH4)
emissions from individual cows on commercial farms. Data were obtained from 830 cows across
12 farms, and data collated included production records, CH4 measurements (in the breath of
cows using CH4 analysers at robotic milking stations for at least seven days) and diet composition.
Cows received either a partial mixed ration (PMR) or a PMR with grazing. A linear mixed model
was used to describe variation in CH4 emissions per individual cow and assess the effect of feeding
system. Methane emissions followed a consistent diurnal pattern across both feeding systems, with
emissions lowest between 05:00 and 08:59, and with a peak concentration between 17:00 and 20:59.
No overall difference in emissions was found between feeding systems studied; however, differences
were found in the diurnal pattern of CH4 emissions between feeding systems. The response in
emissions to increasing dry matter intake was higher for cows fed PMR with grazing. This study
showed that repeated spot measurements of CH4 emissions whilst cows are milked can be used to
assess the effects of feeding system and potentially benchmark farms on level of emissions.
Keywords: cattle; greenhouse gas; measurements; diet; variation
1. Introduction
At the United Nations Climate Change Conference in 2015, a key component of the global
agreement was to protect food production whilst also reducing greenhouse gas (GHG) emissions [1].
Dairy farming contributes 20% of total global GHG emissions from the livestock sector, with enteric
CH4 being the largest source at 39% of dairy emissions [2]. Given the significance of CH4 as a GHG,
reducing enteric CH4 emissions from dairy cows whilst maintaining levels of milk production could
prove an important strategy for countries to meet reduction targets in global emissions. Enteric CH4 is
produced in the digestive tract by Archaea microorganisms as a by-product of anaerobic fermentation
(methanogenesis). This process results in 3% to 14% loss in gross energy intake, which is largely
dependent on composition of the animals’ diet and level of feed intake [3].
Until recently, most of the methods used to quantify CH4 emissions from cattle involved housing
animals in respiration chambers [4–6]. Respiration chamber measurements are often costly, fixed
in location so not suitable for commercial farm use, and potentially inhibit animal behaviour that
would be expressed in the animals’ normal environment. An alternative approach for measuring
emissions from grazing animals is the sulphur hexafluoride (SF6) technique [7,8], where a small
permeation tube containing the tracer gas is placed in the rumen of the animal. However, as with
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chambers, the SF6 technique is not suited to sampling a large population of animals on commercial
farms due to restrictions on use of gas and the attachment of equipment to animals. Recent research
has focused on collecting data from commercial herds through non-invasive approaches that take
repeated spot measurements whilst cattle are feeding [6,9], being milked [10–12], or standing [13].
Frequent sampling of gas emissions has been found to provide repeatable measurements that allow
assessment of within-cow, between-cow, diet and temporal effects on CH4 emissions. Estimates of
CH4 made during milking have been found [10] to be correlated with total daily CH4 emissions by
the same cows when housed subsequently in respiration chambers. Also, the technique of repeated
spot measurements can identify known high and low CH4-producing diets [10], demonstrating that
the methodology was sensitive enough to assess differences in diet treatments. Crompton et al. [14]
identified the relationship between the time of feeding and CH4 emissions, with a rapid increase in
emissions after an animal consumes food followed by a gradual decline. Several studies have observed
a diurnal pattern to CH4 emissions from ruminant livestock [9,14,15], which is affected by feed
allowance and feeding frequency [14], with no overall influence on average daily CH4 yield [16,17].
The current study builds on the research of Bell et al. [18], who found considerable unexplained
variation in CH4 emissions among farms that warranted further investigation with the addition of
diet composition and feed intake data, which are known to explain a large proportion of variation in
emissions [19].
The objective of the current study was to assess the effect of feeding system (PMR vs. PMR with
grazing) on diurnal enteric CH4 emissions from dairy cows on commercial farms.
2. Materials and Methods
2.1. Data
Data were obtained from 21,324 individual milkings of 830 cows across 12 commercial farms in
the UK. Each farm was visited once during the years 2011 to 2013, with production data and CH4
measurements collected for at least seven days. Farms were visited during different seasons to allow
grazing and non-grazing systems to be monitored. Cows in this study were milked individually at
automatic (robotic) milking stations which recorded cow ID, time of milking, duration of milking, stage
of lactation, lactation number, milk yield, robot concentrate intake, and live weight at each milking for
each individual cow (Table 1).
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Table 1. Mean herd size, number of milking stations, feeding system category (Partial mixed ration (PMR) or PMR with grazing), month of year for sampling, and
mean (s.d.) lactation number, days in milk, milk yield, live weight, dry matter intake and methane emissions per cow for each herd.



















kg/day kg kg/day mg/L
A 65 1 PMR + Grazing 10 4.1 (2.4) 79 (51) 24.3 (8.6) 586 (74) 16.9 (2.5) 1.9 (1.2)
B 53 1 PMR + Grazing 9 3.2 (1.9) 173 (92) 28.2 (10.0) 622 (31) 18.3 (1.4) 2.6 (1.5)
C 51 1 PMR + Grazing 4 3.6 (1.8) 168 (99) 28.5 (10.3) 642 (60) 18.9 (1.8) 3.5 (2.5)
D 47 1 PMR + Grazing 4 2.3 (1.2) 161 (113) 27.7 (11.2) 611 (59) 18.1 (1.9) 2.5 (1.7)
E 66 1 PMR + Grazing 5 4.0 (3.3) 130 (86) 28.8 (9.4) 625 (57) 18.5 (1.8) 3.7 (3.2)
F 45 1 PMR + Grazing 6 3.5 (2.3) 135 (80) 27.0 (9.2) 598 (72) 17.7 (2.3) 4.0 (2.2)
G 116 2 PMR 6 2.6 (1.6) 159 (90) 26.1 (8.8) 625 (73) 18.2 (2.1) 4.0 (2.6)
H 96 2 PMR 8 2.9 (2.0) 163 (102) 27.1 (9.9) 593 (75) 17.5 (2.2) 3.9 (2.2)
I 46 1 PMR 11 1.0 (0.0) 99 (31) 25.2 (5.4) 547 (44) 16.2 (1.3) 0.6 (0.5)
J 55 2 PMR 11 3.7 (1.8) 136 (111) 28.9 (10.9) 690 (63) 20.1 (2.0) 2.4 (1.1)
K 110 2 PMR 2 2.4 (1.4) 156 (92) 35.6 (12.6) 603 (74) 18.6 (2.4) 2.4 (1.3)
L 80 2 PMR 2 2.8 (1.8) 158 (87) 19.1 (8.3) 578 (71) 16.4 (1.9) 3.7 (3.1)
Mean 1 PMR + Grazing 3.7 (0.03) 143 (14.3) 26.9 (1.7) 612 (15.6) 17.9 (0.5)
Mean 1 PMR 2.6 (0.04) 145 (13.9) 26.5 (1.6) 607 (15.4) 17.8 (0.5)
SED 0.05 19.8 2.3 21.9 0.7
P value <0.001 0.912 0.854 0.809 0.835
1 Predicted mean ± s.e. presented for both feeding systems. Linear mixed model with unique cow ID within farm, milking station within farm and month of sampling added as random
effects and covariates centred to a zero mean. SED means standard errors of differences.
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All cows were fed a partial mixed ration (PMR) containing forage and concentrates ad libitum,
with additional concentrates fed whilst milking. Of the 12 farms studied, half the farms allowed
the cows access to grass (PMR + grazing) during the day. Dry matter intake of individual cows was
predicted from their milk yield and live weight using the equation by MAFF [20] as: Dry matter intake
(kg/day) = 0.025 × live weight (kg) + 0.1 × milk yield (kg/day). Records on the composition of diet
and forage (Table 2) and concentrate feeds (Table 3) were obtained from each farm, with feed samples
analysed by a commercial analytical laboratory (Sciantec Analytical Services, Cawood, UK). Cows
used in this study were mainly Holstein-Friesian breed and remained on the same feeding regime
throughout the measurement period.
Table 2. Forage percentage (grass percentage in the diet and in parentheses) in the diet and forage
nutrient content for each farm.







% g/kg g/kg DM g/kg DM g/kg DM g/kg DM MJ/kg DM
A 68.7 (4.5) 316 133 424 132 40 10.2
B 68.4 (58.8) 172 0 362 237 31 11.0
C 48.5 (3.8) 398 6.1 291 74 22 11.2
D 57.9 (1.3) 344 186 452 109 26 11.2
E 62.6 (1.4) 494 74 507 143 51 10.7
F 75.6 (46.7) 304 0 426 153 26 11.1
G 60.2 263 156 333 79 18 10.0
H 45.8 351 6 470 132 32 10.6
I 57.1 570 0 592 104 18 9.8
J 49.4 313 124 414 128 29 11.2
K 58.3 394 56 474 116 18 11.0
L 68.0 283 45 440 124 48 10.3
Table 3. Concentrate percentage in the diet and concentrate nutrient content for each farm.







% g/kg g/kg DM g/kg DM g/kg DM g/kg DM MJ/kg DM
A 31.3 874 187 246 193 57 12.7
B 31.6 880 127 285 162 57 12.2
C 51.5 879 124 321 195 57 12.1
D 42.1 872 91 230 207 52 12.1
E 37.4 870 139 262 181 47 11.5
F 24.4 886 320 169 178 49 12.4
G 39.8 885 191 126 252 46 12.1
H 54.2 870 131 200 150 52 13.0
I 42.9 867 290 157 180 42 12.7
J 50.6 888 143 259 140 36 12.6
K 41.7 868 190 213 187 81 13.4
L 32.0 873 220 226 178 58 12.0
2.2. Measurements of Enteric CH4
The CH4 concentration of eructed gas from cows was measured using the methodology devised
by Garnsworthy et al. [10]. During milking, air was continually sampled from the feed bin in a robotic
milking station at 1 L per minute through a polythene tube, whilst cows received concentrate feed
dispensed in small amounts. Continual allocation of feed kept the cow’s mouth and nose within the
bin for the duration of milking. Concentration of CH4 in the breath of cows was measured using an
infrared gas analyser (Guardian Plus; Edinburgh Instruments Ltd., Livingston, UK). Concentration of
CH4 was logged at 1-s intervals on data loggers (Simex SRD-99; Simex Sp. Z o.o., Gdan´sk, Poland) and
visualised using logging software (Loggy Soft version 1.5.7.78; Simex Sp. Z o.o.). The CH4 analyser
was calibrated using standard mixtures of CH4 in nitrogen (0.0, 0.25, 0.50, 0.75, and 1.0% CH4, Thames
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Restek UK Ltd., Saunderton, UK). To enable CH4 concentrations to be adjusted to relative amounts
released by the cow, the dilution factor was determined at the end of each sampling period at each
robotic milking station and varied from 12.8 to 48.7. To do this, a fixed volume (2.7 L) of 1.0% CH4
in nitrogen was released at two locations in the feed bin of the milking station, which were at the
base of the trough and at the centre of the feed bin level with the sample tube. Release of CH4 was
replicated three times at each location, with the dilution factor being the mean ratio of six values
of CH4 concentrations in released and sampled gas [18]. Concentration of CH4 in the air sampled
followed a pattern of peaks and troughs demonstrating that a pulse release of CH4 was eructated
by the cow. A custom-made program was then used to identify and quantify peaks in concentration
when each cow visited the milking station (using cow ID and time of visit information), and extract
the area and frequency of peaks. The peak frequency per minute was multiplied by the area under
each peak to calculate the milligrams of CH4 per litre of air sampled. An eructation peak was defined
as the time from the start of a rapid rise in concentration, until the following rise or return to baseline
concentration. Milkings with less than three eructation peaks for CH4 concentration and peaks where
the cow’s head was not within the feed bin were excluded from the analysis. The CH4 emissions
during each milking were calculated as: CH4 (mg/L) = (average integral of CH4 per peak × frequency
of peaks) × dilution factor.
2.3. Statistical Analysis
Data were analysed using a linear mixed model in Genstat Version 18.1 (Lawes Agricultural
Trust, 2012) to assess the effect of feeding system on log-transformed CH4 emissions (mg/L).
Previous studies [18,21] have identified important explanatory variables describing CH4 emissions per
individual cow as being time of year, stage of lactation, time of day, and effect of farm. The following
model was used to describe emissions from individual cows with the inclusion of explanatory variables
for feeding system effects:
Yijklmn = µ+ aDIM + Si + bI + ciI × Si + Hj + Si × Hj+ Fl.Ak + Fl + Fl.Rm + Mn + Eijklmn (1)
where Yijklmn is the dependent variable of log-transformed CH4 emissions; µ is the overall mean;
aDIM is the linear regression of Y on days in milk; Si is the fixed effect of feeding system (PMR or
PMR + grazing); bI and ciI are the linear regressions of Y on estimated dry matter intake (kg/day);
Hj is the fixed effect of time of day (categorised as six time periods of 01:00 to 04:59, 05:00 to 08:59,
09:00 to 12:59, 13:00 to 16.59, 17:00 to 20.59, and 21:00 to 00.59); Fl.Ak is the random effect of individual
cow within farm; Fl is the random effect of farm (A to L); Fl.Rm is the random effect of robot within
farm; Mn is the random effect of month of sampling; Eijklmn is the random error term. The terms a, b,
and ci are regression coefficients.
The following diet components were also included in the analysis: forage intake, concentrate
intake, starch, neutral detergent fibre (NDF), crude protein, oil (all percentage in diet), and
metabolisable energy content (MJ/kg DM). Each component was added to Equation (1), but none was
found to be significant (P > 0.05). Difference in lactation number, days in milk, milk yield, live weight,
and estimated dry matter intake between feeding systems were obtained using Equation (1) with only
the feeding system (PMR and PMR + grazing) included as the fixed effect.
3. Results and Discussion
Cows fed a PMR with grazing had a higher mean lactation number (P < 0.001) compared to cows
fed a PMR (Table 1). There was no difference in number of days in milk, milk yield, live weight, or dry
matter intake between cows fed a PMR or PMR with grazing. Therefore, any effects on CH4 emissions
from cows could be assumed to be related to feeding system. Grandl et al. [5] found that CH4 emissions
per unit intake changed in dairy cattle with age and was associated with changes in the efficiency
of fibre digestibility with increasing age. The current study found no effect of lactation number on
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CH4 emissions, which is consistent with other studies [22]. As with others studies [19], the most
important drivers of CH4 emissions were daily dry matter intake (P < 0.001) and variables related to
changes in intake (i.e., days in milk and time of day, both P < 0.001) (Table 4). The effect of diet, i.e.,
intake and composition, has been found to account for a large proportion of variation in enteric CH4
emissions from dairy cows [10,23]. Important components of a diet that influence methane emissions
are known to be fermentable carbohydrate, fibre, fat, and digestible energy intake [19], but no effect of
nutrient composition was found in the current study. Across feeding systems, increasing dry matter
intake increased emissions by 0.02 mg/L per kilogram dry matter intake. The response in emissions to
increased dry matter intake was higher for cows on a PMR with grazing at 0.03 mg/L per kilogram
dry matter intake compared to a PMR system at 0.02 mg/L per kilogram dry matter intake (P < 0.001;
Table 4). Increasing forage content of diets is known to increase ruminal acetate production, which
promotes CH4 production [3].
From the total of 21,324 milkings across all farms studied, 3106 were between 01:00 to 04:59, 3410
were between 05:00 to 08:59, 3490 were between 09:00 to 12:59, 3612 were between 13:00 to 16.59,
3893 were between 17:00 to 20.59, and 3813 were between 21:00 to 00.59 within a 24-h day. Therefore,
the highest number of measurements were obtained between 17:00 to 20.59. A diurnal pattern was
observed for CH4 emissions (Table 4), which is consistent with other studies [9,14,15]. Across feeding
systems, emissions were lowest between 05:00 and 08:59, which would relate to a typical time to
allocate feed to dairy cows, after which emissions increased to a peak concentration between 17:00
to 20.59. Differences in diurnal pattern were found between feeding systems (SED = 0.08, P < 0.001).
Notably, between 21:00 and 00:59, emissions of cows on a PMR with grazing system remained high and
similar to the previous time period, whereas emissions of cows on a PMR feeding system were reduced
compared to the previous time period. The diurnal pattern is dependent on the time, frequency, and
amount of food consumed [14], and has no overall influence on average daily CH4 emissions [16,17],
which is consistent with the lack of an overall difference in emissions between feeding systems in
the current study (log-transformed mean of 0.3 mg/L for PMR and 0.36 mg/L for PMR with grazing,
SED = 0.14, P > 0.05). The precise timing of feed allocation at each farm was not known, but would
add to the interpretation of the results.
A number of studies have demonstrated techniques for obtaining measurements of CH4 emissions
from individual cattle in their normal environment using repeated spot measurements [9,11–13,15,18].
The positive correlation between spot measurements of CH4 obtained during milking and total daily
CH4 emissions by the same cows when housed subsequently in respiration chambers in a previous
study [10], and the ability of the technique to detect the effect of diet [10,24], has led to considerable
research into the spot measurement technique. The approach is reliant on several spot measurements
within a day and over several days (at least seven days) of measurements to be able to rank cows
as low or high producers of CH4 [25]. Further comparison of spot measurements on-farm and with
the same cows in a respiration chamber are needed to validate or determine the limitations of the
technique. The method used in the current study demonstrates the potential for benchmarking cattle
or farms and selecting individual animals based on their emissions.
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Table 4. Results from multivariate analysis 1 showing effect of partial mixed ration (PMR) or PMR with grazing feeding system on log-transformed CH4 emissions
(mg/L) from dairy cows.
Variable Mean (s.e.) 2 Effect (s.e.)
Degrees
of Freedom F Statistic s.e.d. P Value
Days in milk 0.0003(0.00007) 1 22.8 <0.001
Feeding system PMR PMR + grazing
0.30 (0.1) 0.36 (0.1) 1 0.19 0.14 0.672
Time of day 01:00 to 04:59 05:00 to 08:59 09:00 to 12:59 13:00 to 16.59 17:00 to 20.59 21:00 to 00.59
0.31 a (0.07) 0.26 b (0.07) 0.33 c (0.07) 0.35 d (0.07) 0.37 e (0.07) 0.35 d (0.07) 5 84.9 0.01 <0.001
Feeding system × time of day 01:00 to 04:59 05:00 to 08:59 09:00 to 12:59 13:00 to 16.59 17:00 to 20.59 21:00 to 00.59
PMR 0.28 a (0.1) 0.24 b (0.1) 0.31 c (0.1) 0.32 c,d (0.1) 0.34 d (0.1) 0.30 c (0.1) 5 4.3 0.08 <0.001
PMR + grazing 0.34 a (0.1) 0.29 b (0.1) 0.35 a (0.1) 0.38 c (0.1) 0.40 d (0.1) 0.39 c,d (0.1)
Predicted dry matter intake 0.02 (0.003) 1 196.6 <0.001
Feeding system × predicted
dry matter intake
PMR 0.02 (0.003) 1 12.6 <0.001
PMR + grazing 0.03 (0.007)
1 Linear mixed model with unique cow ID within farm, milking station within farm and month of sampling added as random effects and covariates centred to a zero mean. 2 Means
within a row with different superscript letters (i.e., a,b,c,d,e) differ significantly and attributed at P < 0.05. SED means standard errors of differences.
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4. Conclusions
This is the first study to explore differences in CH4 emissions among commercial farm feeding
systems (PMR vs. PMR with grazing and diet components). Similar overall mean levels of emissions
were found for both feeding systems; however, differences were found in the diurnal pattern of
CH4 emissions between feeding systems. The response in emissions to increasing dry matter intake
was higher for cows fed PMR with grazing. Differences in emissions among farms were explained
largely by factors associated with changes in individual feed intake over time. Measurement of CH4
emissions from cows during milking not only provides a method of comparing individual cows,
but also benchmarking levels of emissions from different farming systems. Understanding this will aid
the development of strategies that could contribute to reductions in emissions from the dairy sector
whilst maintaining milk output.
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